We propose an experimentally friendly setup capable to detect the antisymmetric Fano interference assisted by a Majorana fermion. To this end, an Aharonov-Bohm-like interferometer is adopted with two quantum dots, being one of them coupled to a Majorana bound state, which is attached to one of the edges of a semi-infinite Kitaev wire within the topological phase. By changing the Fermi energy of the leads and the antisymmetric detuning of the dot levels, we show that opposing Fano regimes result in a transmittance characterized by distinct conducting and insulating regions, which are fingerprints of an isolated Majorana quasiparticle. Furthermore, we show that the maximum fluctuation of the transmittance as a function of the detuning is half for a semi-infinite wire, while it corresponds to the unity for a finite system. The setup proposed here constitutes an appropriate experimental tool to detect Majorana excitations.
We propose an experimentally friendly setup capable to detect the antisymmetric Fano interference assisted by a Majorana fermion. To this end, an Aharonov-Bohm-like interferometer is adopted with two quantum dots, being one of them coupled to a Majorana bound state, which is attached to one of the edges of a semi-infinite Kitaev wire within the topological phase. By changing the Fermi energy of the leads and the antisymmetric detuning of the dot levels, we show that opposing Fano regimes result in a transmittance characterized by distinct conducting and insulating regions, which are fingerprints of an isolated Majorana quasiparticle. Furthermore, we show that the maximum fluctuation of the transmittance as a function of the detuning is half for a semi-infinite wire, while it corresponds to the unity for a finite system. The setup proposed here constitutes an appropriate experimental tool to detect Majorana excitations. Introduction.-In the field of high-energy Physics, Ettore Majorana proposed, almost a century ago, the existence of fermions that form their own antiparticles. In condensed matter Physics, such fermions emerge as quasiparticle excitations [1] . Remarkably, two distant Majorana quasiparticles can define a single nonlocal regular fermion, which provides a protected qubit, free of the environment and immune to the decoherence phenomenon. Such a bit thus can be considered as the fundamental unity for the achievement of a quantum computer. For this reason, in the last decade, the run for devices based on Majoranas started in the field of quantum information [2, 3] . In this scenario, the superconducting state is the most promising environment for the feasibility of Majorana fermions, in particular, the p-wave and spinless type. The Kitaev wire within the topological phase [4] is an example, since Majorana fermions emerge as zero-energy modes bounded to the edges of such a system. From the experimental point of view, the realization of p-wave superconductivity can be performed by putting an s-wave superconductor close to a semiconducting nanowire with strong spin-orbit interaction placed perpendicular to a huge magnetic field. In such conditions, p-wave superconductivity is induced on the nanowire due to the so-called proximity effect [5] [6] [7] . In the context of quantum transport [8] [9] [10] [11] [12] [13] , in particular for a single quantum dot (QD) hybridized with a Majorana bound state (MBS) [11, 12] , a zero-bias anomaly (ZBA) [14] [15] [16] [17] [18] in the conductance is predicted to appear, given by G = 0.5G 0 , where G 0 = e 2 /h is the quantum of conductance. Here we explore the manifestation of the Fano effect [19] in the quantum transport through an Aharonov-Bohm-like interferometer formed by two QDs, in which one of them is coupled to a MBS hosted by a semi-infinite Kitaev wire within the topological phase. By calculating the transmittance of this device, we have found that the Fano interference exhibits an antisymmetric feature: the Green's functionsG dj dj andG dj d l for the QDs cannot be determined by the exchange of the indexes represent the energy levels of the QDs. The coupling strength of the QD 1 with the MBS 1 is λ. εM couples the MBS 1 to the MBS 2 (the semi-sphere in the right side of the wire). The bias ϕ of the setup approaches zero.
We propose that such a feature can be captured experimentally by performing measurements of the zero-bias conductance as a function of the Fermi energy of the leads and the antisymmetric detuning ∆ε = ε 2 −ε 1 in the QDs, where ε 1 = − ∆ε 2 and ε 2 = ∆ε 2 represent the energy levels of the QDs [20] . As a result, contrasting Fano limits reveal distinct conducting and insulating regions, which are signatures of an isolated Majorana quasiparticle. Moreover, we have determined that the symmetric Fano effect is recovered when electrons travel only through the QDs and the Fermi energy of the leads is in resonance with the Majorana zero mode. As a consequence, the transmittance as a function of the antisymmetric detuning exhibits a maximum fluctuation of half for the semiinfinite Kitaev wire, contrasting with the unity variation observed in the case of a finite system. In the former situation, the maximum fluctuation of the transmittance is halved due to the half fermion nature of the isolated MBS, while the latter represents the situation where two MBSs displaced far apart are coupled and thus forming a nonlocal Dirac fermion delocalized over the wire edges.
The model.-In order to mimic the system outlined in Fig. 1 , we employ the Hamiltonian proposed by Liu et al. [11] , taking two QDs into account,
where the electrons in the lead α = B, T (bottom/top) are described by the operator c † αk (c αk ) for the creation (annihilation) of an electron in a quantum state labeled by the wave number k and energyε αk = ε k −µ α , with µ α as the chemical potential. Here we adopt the gauge µ B = ∆µ and µ T = −∆µ, with µ B − µ T = 2∆µ = eϕ as the bias between the leads, being e > 0 the electron charge and ϕ the bias-voltage. For the QDs, d † j (d j ) creates (annihilates) an electron in the state ε j , with j = 1, 2. V is the hybridization of the QDs with the leads, V BT is the lead-lead coupling and
for the Kitaev wire within the topological phase. In particular for j = 1, the QD 1 is coupled to the MBS 1 described by the operator Ψ † 1 = Ψ 1 . The strength of this coupling is λ. The MBS 2 given by Ψ † 2 = Ψ 2 is connected to the MBS 1 via the coefficient ε M ∼ e −L/ξ , with L as the distance between the MBSs and ξ as a coherence length. In what follows we derive the Landauer-Büttiker formula for the zero-bias conductance G [21] . Such a quantity is a function of the transmittance T (ε) as follows:
We begin with the transformations c Bk =
(c ek − c ok ) on the Hamiltonian of Eq. (1), which depends on the even and odd conduction operators c ek and c ok , respectively. These definitions allow us to express Eq. (1) as H = H e + H o +H tun = H ϕ=0 +H tun , where
represents the Hamiltonian part of the system coupled to the QDs via an effective hybridization √ 2V , while
is the decoupled one. However, they are connected to each other by the tunneling HamiltonianH tun = −∆µ k (c † ek c ok + c † ok c ek ). As in the zero-bias regime ∆µ → 0, due to ϕ → 0,H tun is a perturbative term and the linear response theory ensures that
whereρ e (ε) = − 1 π Im(G ψeψe ) is the local density of states (LDOS) for the Hamiltonian of Eq. (4) and
gives the retarded Green's function in the time domain t, where θ(t) is the Heaviside step function, e is the density-matrix for Eq. (4), Ψ e = f e + (π∆ρ 0 ) 1/2 q j d j is a field operator, with f e = q c eq , the Anderson parameter ∆ = 2πV 2 ρ 0 and q = (πρ 0 ∆)
To calculate Eq. (7) in the energy domain ε, we should employ the equation-of-motion (EOM) method [21] summarized as follows
for the retarded Green's functionG AB , with A and B as fermionic operators belonging to the Hamiltonian H i . By considering A = B = Ψ e and H i = H e , we find
From Eqs. (4), (8) with A = B = f e and (9), we obtaiñ
and the mixed Green's functioñ
determined from Eq. 
and f o = q c oq . We notice thatG fofo is decoupled from the QDs. Thereby, from Eqs. (5) and (12), we take A = B = f o and H i = H o in Eq. (8) and we obtaiñ
Thus the substitution of Eqs. (9), (11), and (13) in Eq. (6), leads to
represents the background transmittance and
2 is the corresponding reflectance, both in the absence of the QDs and MBSs. We emphasize that Eq. (14) is the generalization of Eq. (2) found in Ref. [22] for an Aharonov-Bohm-like device of a single QD, but without an applied magnetic field. Yet, in
Ref. [22] the authors introduce
as the Fano parameter. Here we focus on two cases: the case q b → ∞, which we call by regime of weak coupling lead-lead due to the background transmittance T b = 0, and the strong coupling limit q b = 0 characterized by T b = 1. We calculate the Green's functionsG dj d l within the wide-band limit. To calculate them, we first express the Majorana operators Ψ 1 and Ψ 2 in terms of a nonlocal Dirac fermion state η as follows:
, with η = η † and η, η † = 1. We verify that Eq. (2) transforms into
By applying the EOM on
and changing to the energy domain ε, we obtain the following relation:
1+x ∆ and Σ MBS1 = λ 2 K(1 + λ 2K ) as the self-energy due to the MBS 1 coupled to the QD 1,
have the same forms as found in Ref. [11] , whereΣ is the complex conjugate of Σ. Thus the solution of Eq. (17) providesG
as the Green's function of the QD 1, with
as the self-energy due to the presence of the j th QD. For C 2 = 0, we highlight that Eq. (18) is reduced to the Green's function of the single QD system found in Ref. [11] . In the case of the QD 2, we havẽ
represent the corresponding Green's functions for the single QD system without Majoranas. The mixed Green's functions areG
By inspecting Eqs. (18) , (19) , (20) and (21), we verify that the functionsG d1d1 andG d1d2 can be found by the exchange of the indexes 1 ↔ 2 inG d2d2 andG d2d1 , respectively, just in the case of Σ MBS1 = 0. Nevertheless, in the opposite situation, namely for Σ MBS1 = 0, this symmetry is not verified, which corresponds to the Kitaev wire coupled to the interferometer as outlined in Fig. 1 . Results and Discussion.-Following Ref. [11] , we compare the aforementioned symmetry breaking with the one that arises from a Regular Fermionic (RF) zero mode attached to the interferometer instead of the MBS 1. In such a case, one can show that Σ MBS1 is replaced by Σ RF = λ 2 ε+i0 + in the Green's functions above. Below we investigate this antisymmetric feature employing the expression for the transmittance (Eq. (14)) by adopting λ = 4∆ in the case of the Kitaev wire coupled to the interferometer. By varying ε in Eq. (14), the transmittance T becomes a function of the Fermi energy ε = µ T = µ B of the leads [9, 10] . According to Eq. (3), this transmittance can be obtained experimentally via the conductance G in units of G 0 = e 2 /h for temperatures T → 0 just by attaching gate voltages to the metallic leads in order to tune the Fermi level. Additionally, we estimate the antisymmetric detuning ∆ε, the Fermi energy ε and ε M in units of the Anderson parameter ∆. In Fig. 2 , the density plot of the transmittance is presented as a function of the antisymmetric detuning ∆ε and the Fermi level ε for the Fano regime x = 0 (q b → ∞). The panel (a) exhibits the situation in which the Kitaev wire is decoupled from the interferometer, thus leading to the symmetric Fano interference arising from symmetric Green's functions by the permutation of the indexes in the parameters of the QDs. As a result, the density plot is characterized by specular regions with respect to the dotted-black line labeled as symmetry line. On the other hand, for a semi-infinite Kitaev wire (ε M = 10 −7 ) attached to the interferometer, the specular feature is not observed as the aftermath of the Green's functionsG dj dj andG dj d l for the QDs, which cannot be determined by the exchange of the indexes j ↔ l inG d l d l andG d l dj , respectively, with l, j = 1...2. Such a hallmark is shown in the panel (b) of Fig. 2 , where we clearly visualize the distortion of the pattern found in panel (a): the antisymmetric Fano effect for the limit x = 0 (q b → ∞) assisted by the isolated MBS 1 can be recognized by the current antisymmetric pattern of (b). In the latter, the central region is the ZBA due to the MBS 1, which occurs for ε = 0 and any value of ∆ε. Fig. 3 exhibits the opposite Fano regime, which is determined by x = 1 (q b = 0). In this limit, the tunneling of electrons through the leads is dominant with respect to that via the QDs. In panel (a) of Fig. 3 for the Kitaev wire removed, we observe the specular feature as the corresponding found in Fig. 2(a) , but with the regime of interference reversed: note that the orange color regions become replaced by the red type. This swap indicates that a perfect insulating behavior changes to a conducting one as pointed out in Fig. 3(a) . In the presence of a semi-infinite Kitaev wire, the reversed pattern of Fig. 2(b) is given by Fig. 3(b) , where the antisymmetric Fano effect manifests itself via the antisymmetric upper and lower parts of this figure. As a result, the difference between panels (a) and (b) of Figs. 2 and 3 reveals that (14)) as a function of the antisymmetric detuning ∆ε for the QDs and the Fermi energy ε in units of ∆ for the opposite Fano regime x = 1 (q b = 0): the central structure at ε = 0 gives the reversed ZBA due to the MBS 1. In panels (a) and (b) the red regions denote a perfect conducting behavior, which is the reversed of that found in Fig. 2 . the emergence of new insulating and conduction regions with respect to those found in panels (a) of both figures can be considered as fingerprints of an isolated MBS. Additionally, the ZBA due to the MBS 1 is also reversed. It is worth mentioning that the remaining diagonals in Figs. 2(b) and 3(b) are due to the QD 2, which even decoupled from the MBS 1 is still sensitive to it as Eq. (19) ensures via the self-energy Σ MBS1 = λ 2 K(1 + λ 2K ). As we can notice, such a dependence yields a slight change in the slopes of these diagonals with respect to those observed in Figs. 2(a) and 3(a) obtained with Σ MBS1 = 0. Fig. 4 shows the analysis of the transmittance for the Fano limits x = 0 and x = 1 in the case of a RF zero mode coupled to the interferometer via QD 1. As we can verify, the symmetry breaking is distinct with respect to that observed in the situation of a Kitaev wire present: the patterns of Figs. 2(b) and 3(b) do not match with those found in Figs. 4(a) and (b) , respectively. Con-sequently, this difference ensures that the patterns of Figs. 2(b) and 3(b) constitute robust signatures due to an isolated MBS. In which concerns on the remaining diagonals of the QD 2 for the RF zero mode, the change in the slopes are weaker than for the MBS 1, since in the RF situation the self-energy Σ RF is just proportional to λ 2 . In Fig. 5 , we present the transmittance through the interferometer for the leads in resonance with the MBS 1 for the case of weak coupling lead-lead characterized by x = 0 (q b → ∞). This regime corresponds to the situation whereby electrons travel exclusively via the QDs, which are also in resonance with the MBS 1. Two distinct wire lengths are analyzed: (i) the semi-infinite Kitaev wire and (ii), the case of a finite system. For the setup (i) given by ε M = 10 −7 , it is possible to notice in the red lineshape that the transmittance approaches half for |∆ε| → ∞, while it evolves towards the unity in the limit |∆ε| → 0. The unitary value of the transmittance occurs for the QDs in resonance with the MBS 1 (∆ε = 0), thus leading to the maximum transmittance, since the two QDs and the MBS 1 allow a perfect resonant tunneling through the Fermi level of the leads. Away from ∆ε = 0, the transmittance becomes half the unity as a result of the isolated MBS 1, which is a half-electron state (see the semi-sphere in the left side of the Kitaev wire of Fig. 1 ) and the only piece of the system in resonance with the Fermi level of the leads. For 0 < |∆ε| < ∞, the resonant tunneling due to the QDs is not perfect and the transmittance stays within the range 1/2 < T < 1. For the setup (ii), an unitary fluctuation in the transmittance as a function of ∆ε emerges in opposite to the value of half observed in the system (i): see the curves given by the blue and green colors, respectively for ε M = 10 −3 and ε M = 10 −2 . In both profiles, we verify that the transmittance reaches the unity for ∆ε = 0, but it vanishes as we increase |∆ε|. The variation of the maximum value of the transmittance has a simple physical origin: it arises from the presence of the MBS 2 (see the semi-sphere in the right side of the Kitaev wire of Fig. 1 ), which combines with the MBS 1 in order to form the regular and delocalized fermionic state η as Eq. (15) shows. Such a regular fermion adds an extra factor of half to the fluctuation of T and provides the unitary suppression of the transmittance for |∆ε| → ∞. Additionally, the bigger ε M the shorter the length of the Kitaev wire according to the term ε M ∼ e −L/ξ in Eq. (2) and sharper the widths of the profiles of the transmittance as a function of ∆ε (notice that the green line is sharper than the corresponding blue one). In situations (i) and (ii), the Fano effect is symmetric since the left and right sides of Fig. 5 are specular. We also show in Fig. 5 the interferometer hybridized with a RF zero mode instead of a MBS 1. Such a curve is given by the black-circle lineshape, in which we can notice that the fluctuation of the transmittance is still one as expected from the regular nature of the electronic state of the QD. However, the width of the resonance differs from those found in the finite wires analyzed as the aftermath of the functional form of the self-energy Σ RF , which is size independent in opposite to Σ MBS1 .
Conclusions.-In summary, we have explored theoretically a semi-infinite Kitaev wire within the topological phase coupled to a double QD system. Our analysis reveal that the Green's functions of the QDs are antisymmetric under the permutation of the indexes that label the parameters of these dots. We propose that such a feature can be probed experimentally just by measuring the zero-bias conductance as a function of the Fermi energy of the leads and the antisymmetric detuning of the QDs levels. Thereby, our results reveal a strong dependence of the transmittance on contrasting Fano regimes of interference, where conducting and insulating regions emerge as signatures of a single Majorana fermion excitation. We have demonstrated that the symmetric Fano interference is recovered in particular for the electron tunneling only via the QDs and with the metallic leads in resonance with the Majorana zero mode, thus resulting in a fluctuation of the transmittance given by half or unity, respectively for a semi-infinite or finite Kitaev wire. The former situation corresponds to an isolated Majorana excitation, while the latter represents the bounding of two distant Majoranas and the formation of a nonlocal Dirac fermion. Both scenarios can be helpful to guide experiments whose purpose is to pursuit the existence of a single Majorana fermion or a pair formed by such a quasiparticle in condensed matter systems.
